cerebral blood flow, inflammation, alterations in oxygen delivery and metabolism, and death of neural cells (Dutton & McCunn, 2003) . Damaged tissue, blood components, and diverse messenger molecules activate astrocytes into a reactive state, called astrogliosis, accompanied by increased proliferation and growth towards the lesion (Bardehle et al., 2013; Sofroniew, 2009) . The activated astrocytes then generate a glial scar, which is beneficial in covering the damaged area, but hampers axonal regeneration (Windle, Clemente, & Chambers, 1952) . Thus, astrocytes can be both protective and hazardous to neurons, and manipulating their function might be a valuable strategy for neuroprotection and regeneration after TBI.
Cell proliferation, growth, and migration are among the cellular functions controlled by cytoplasmic Ca 21 , which is either released from intracellular stores after stimulation of Gq protein-coupled receptors or receptor tyrosine kinases, or enters the cell via Ca
21
-permeable ion channels in the plasma membrane. Canonical transient receptor potential (TRPC) channels may contribute to the Ca 21 influx mediating proliferation, growth, and migration of various cell types (Deliot & Constantin, 2015; Kuang et al., 2012; Zhao et al., 2012) including astrocytes.
It has been shown that astrocytoma cells and astrocytes from different preparations express diverse Trpc transcripts, including Trpc1 (Akita & Okada, 2011; Golovina, 2005; Li et al., 2011; Malarkey, Ni, & Parpura, 2008; Reyes, Verkhratsky, & Parpura, 2013) , Trpc3 (Akita & Okada, 2011; Grimaldi, Maratos, & Verma, 2003; Miyano et al., 2010; Munakata et al., 2013; Shirakawa et al., 2010; Streifel et al., 2014; Streifel, Miller, Mouneimne, & Tjalkens, 2013) , Trpc4 (Song et al., 2005) , Trpc5 (Malarkey et al., 2008) , and Trpc6 (Beskina, Miller, Mazzocco-Spezzia, Pulina, & Golovina, 2007) , and that TRPC1 is important for proliferation and chemotactic migration of human malignant glioma (astrocytoma) cells (Bomben & Sontheimer, 2010; Bomben, Turner, Barclay, & Sontheimer, 2011) , but there are very few studies correlating TRPC activity with astrocyte function in vitro and in vivo.
In this study we wanted to identify Trpc expression in cortical astrocytes and to characterize the role of TRPCs for astrocyte function in vitro and, in a defined stab wound injury model, in vivo. With very few exceptions no specific agonists or antagonists are available for TRPC channels which would allow for specifically isolating TRPC currents and Ca 21 signals. Therefore, we made use of genetically modified mice with Trpc1 and Trpc3 deficiencies and mice harboring a heterozygous gain-of-function mutation within Trpc3, the moonwalker (mwk) mice (Becker, 2014; Becker et al., 2009) . For in vitro studies, cortical astrocytes from these mice were cultured to compare TRPCdependent Ca 21 signaling. To prepare RNA to perform PCR and next generation sequencing we used pure GLAST-positive astrocytes sorted by FACS to avoid contribution of other cell types. We show, that (i) TRPC3 and TRPC1 are present in cortical astrocytes, that (ii) TRPC3
promotes astrocyte proliferation and migration in vitro as well as (iii) astrogliosis and cortical edema after cortical stab wound injury in mice in vivo, whereas (iv) TRPC1 significantly mitigates these TRPC3 activities.
| MATERIALS A ND METHODS

| Mice
Trpc1 -/- (Dietrich et al., 2007) , Trpc3 -/- (Hartmann et al., 2008) , Trpc6
-/- (Tsvilovskyy et al., 2009) , and Trpc3
-/-/Trpc6 -/- (Quick et al., 2012) as well as heterozygous TRPC3 T635A mutant moonwalker (mwk) mice (Becker et al., 2009) were kept in a specific pathogen-free animal facility and bred to a C57BL6/N or 129SvJ/C57Bl6/N background.
Trpc1
-/-
/Trpc5
-/-and Trpc3
-/-/Trpc6 -/-mice were generated by crossing the single gene-deficient strains. The heterozygous TRPC3 T635A mutant mwk mouse was purchased from Harwell Science and Innovation (Harwell, Oxfordshire, UK) and embryo-transferred into our mouse facility. All animal experiments were performed in accordance with the German legislation on the protection of animals and were approved by the responsible local ethics committee (AZ C1-2.4.2.2/11-2015).
| Preparation and Culture of Mouse Cortical Astrocytes
Newborn (0-3 days) mice were decapitated. The cerebral cortices were isolated in ice cold PBS and the meninges were removed. moonwalker Trpc3 T635A cDNA were generated as described (Beck et al., 2013) . For the latter, nucleotide A at position 1903 was replaced by G in the mouse Trpc3 cDNA (accession no. NM_019510) and the cDNA was subcloned into the pCDNA5/FRT/TO vector (Invitrogen).
Cells were induced with 1 mg/ml tetracycline 2 h before the experiments, resulting in a strong expression of the mwk TRPC3. 
| Co-Immunoprecipitation and Western Blot
Co-immunoprecipitation, SDS-Page and western blots were performed as described previously (Zimmermann et al., 2014) 
| Next Generation Sequencing
RNA probes from three independent astrocyte cultures were sequenced (paired-end, 75 bp) using an Illumina HiSeq sequencing system (Illumina Inc., San Diego, CA). Raw data were mapped against the mouse genome NCBI/build37.2 using TopHat (Trapnell, Pachter, & Salzberg, 2009) . For the detection of differentially expressed genes and transcripts we followed the protocol of Trapnell et al. (2012) closely using the tool Cuffdiff.
| Oligonucleotide Microarray Analysis
The mRNA of probes from three independent astrocyte cultures each isolated from wild-type and Trpc3 -/-mice were analyzed by Agilent. In brief, the raw intensity values were extracted from the image file using feature extraction software (Agilent Technologies). We used the gMedianSignal values as expression values for the probes and summarized the probes belonging to the same transcript by taking the median of these values. We applied quantile normalization before using the expression values in downstream analysis.
| Calcium Imaging
Astrocytes and HEK cells plated on PLL-coated glass coverslips were 
| Electrophysiological Recordings
Membrane currents were recorded in the tight seal whole-cell patch clamp configuration using an EPC-9 amplifier (HEKA Electronics, Lambrecht, Germany). Patch pipettes were pulled from glass capillaries GB150T-8P (Science Products, Hofheim, Germany) at a vertical Puller All voltages were corrected for a 10 mV liquid junction potential.
Currents were filtered at 2.9 kHz and digitized at 400 ms intervals.
Capacitive currents and series resistance were determined and corrected before each voltage ramp using the automatic capacitance compensation of the EPC-9. Inward and outward currents were extracted from each individual ramp current recording by measuring the current amplitudes at 280 and 180 mV, respectively, and plotted versus time. Basal currents before an application were subtracted to get the net developing current. Current-voltage (IV) relationships were extracted at indicated time points. Currents were normalized to the initial size, that is, capacitance of the cell to obtain current densities (pA/pF).
| Expansion/Migration Assay
The expansion and migration of astrocytes was studied using a scratch assay in which expansion and migration of cells was assessed by the rate of recovery of a defined scratched area on a confluent cell layer.
Cells were plated in PLL-coated 6-well plates scratched from the outside bottom as markers to find the exact same regions for analysis again. Once cells reached confluency, two scratches were performed in every well (vertical to the outside bottom scratch) using a 200 ml pipette tip. Wells were washed with PBS to remove the detached cells and incubated at 378C 5% CO 2 without FCS to inhibit proliferation. At 0, 4, 8, and 24 h four pictures per well were taken at the crossing between the cellular scratch and the outside bottom marker scratch, Expansion and migration were quantified as the average of the cellfree scratch area reoccupied by the recruited cells using Image J software (NIH). All measured areas were normalized to the "0 h" area (100% cell-free scratch area).
| Proliferation Assay
Astrocytes proliferation was quantified using the colorimetric MTS cell proliferation assay (Promega). Five thousand cells per well were plated in a 96-well plate in triplicate and incubated at 378C with medium containing 10% FCS. The amount of viable cells was determined after incubating the desired wells with 20 ml of MTS for 1 h at 378C by measuring the absorbance of the MTS metabolite formazan at 490 nm using a 96-well plate reader (infinite M200 TECAN).
Measurements were performed at day 0 (right after plating), 3, 5, 6, and 7. The absorbance of the medium was subtracted as background.
The proliferative activity of astrocytes after injury was studied by performing a scratch assay (see above). Cells were plated on PLL-coated glass coverslips in 24-well plates and after reaching confluency, scratches were made using a 200 ml pipette tip. Coverslips were washed with PBS to remove the detached cells and incubated at 378C 5% CO 2 in DMEM with 10% FCS. After 24 h cells were fixed and incubated with 4,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) and rabbit anti-Ki-67 antibody (1:200, Thermo Fisher Scientific), a cellular marker for proliferation. The anti-Ki-67 antibody was stained by a donkey anti-rabbit Alexa 555 antibody (1:500, Invitrogen). Images were taken at a fluorescent microscope (Zeiss Axio Scan.Z1) equipped with the appropriate filter sets. The Ki-67-positive cells were counted in a defined area around the scratch and normalized to the total number of cells.
| Cortical Stab Wound and Immunohistochemistry
Eight-and eleven-week-old male Trpc3 -/-and Trpc1
respectively, and their corresponding wild-type mice, were anaesthetized analyzed from x mice (n/x). To estimate the significance of differences, Student's t-test for two groups and one-way ANOVA followed by
Bonferroni test for more than two groups were performed. The differences were assigned as significant if the p value was < 0.05 (*), <0.01 (**) or < 0.001 (***).
| R E S U L T S 3.1 | TRPC Transcript Expression in Cultured Mouse Cortical Astrocytes
Astrocytes and microglia were sorted by FACS (Supporting Information Figure 1 ) into PCR tubes from cortical cell cultures prepared from 0-3 days old mice two to three weeks after isolation. TRPC transcripts were amplified by RT-PCR using 100 GLAST-positive astrocytes and 50 CD11b-positive microglial cells per tube. Consistently, Trpc3 expression was identified in 13 independent reactions using astrocytes from five independent sortings; Trpc1 and Trpc2 were identified in 10 reactions, Trpc4 in 11 of 13 reactions, whereas Trpc5, Trpc6, and Trpc7
were not detectable ( Figure 1a ). In contrast, microglial cells did express , but no significant contribution of TRPC3 (and TRPC6, Figure 2a ) or TRPC1 (Figure 2b ) was observed. TRPC3 has been shown to be activated by 1-oleoyl-2-acetyl-sn-glycerol (OAG) (Hofmann et al., 1999) , an analogue of diacylglycerol (DAG). In the presence of external Ca 21 bath application of 100 mM OAG induced Ca 21 oscillations in astrocytes (Figure 3a ), but not in microglial cells (Figure 3c ). Some OAG-mediated Ca 21 oscillations occurred in the absence of extracellular Ca 21 (Figure 3b) number of experiments (n/x)] with asterisks in g and h marking significant differences compared to the wild-type (**p < 0.01, *** p < 0.001). In some experiments we used astrocytes from Trpc6 -/-and Trpc3 
| Functional Interaction of TRPC3 and TRPC1
In the absence of Trpc1 TRPC3 activity is increased (Figure 3f 
| TRPC3 and TRPC1 are Involved in Expansion and Migration of Astrocytes in vitro
As shown in vivo, astrocytes rather proliferate and grow towards a lesion than actively migrate into the injury site (Bardehle et al., 2013) . However, after performing a scratch in a confluent astrocyte layer in vitro astrocytes recover the cell-free area by proliferation, growth and migration (Zhan et al., 2016) . The TRPC3-induced Ca 21 signals might translate into changes in proliferation, growth and migration of astrocytes. Astrocytes isolated from Trpc3 -/-mice proliferated significantly slower compared to their corresponding wild-type cells, whereas astrocytes from heterozygous mwk and Trpc1 -/-mice revealed a similar proliferation rate as wildtype controls (Supporting Information Figure 4a) . Supporting Information figure 5 shows that astrocytes expand, migrate and recover the cell-free area from the boundary of the scratch and isolated cells invading the cellfree area are primarily microglial cells. Astrocytes lacking Trpc3 or both
Trpc3 and Trpc6 recovered a cell-free scratch area significantly slower than their corresponding wild-type cells, whereas astrocytes lacking only
Trpc6 responded, as expected, like wild-type, and astrocytes from heterozygous mwk and Trpc1 -/-mice filled the scratched area of the cell monolayer significantly faster than the corresponding wild-type cells (Figure 6a, b) . Accordingly, expansion and migration of astrocytes in vitro depends on TRPC3 and TRPC1. To study the proliferative activity of wild-type and Trpc3 -/-astrocytes after injury, we performed the scratch assay in the presence of 10% FCS and quantified the percentage of proliferating cells using the proliferation marker anti-Ki-67. Twenty-four hours after performing the scratch wild-type astrocytes revealed a significantly higher percentage of Ki-67-positive cells compared to Trpc3 -/-astrocytes (Supporting Information Figure 4b , c).
| TRPC3 Promotes Astrogliosis and Cortical Edema in Mice after Cortical Stab Wound Injury
To monitor astrogliosis as a measure of astrocyte function in vivo, defined cortical stab wounds were applied to Trpc3 -/-and wild-type 
| DISCUSSION
Upon brain injury, signaling molecules stimulate astrocyte proliferation, growth, and their recruitment to the injured tissue (Burda & Sofroniew, 2014) . These processes significantly depend on changes of the intracellular Ca 21 concentration (Gao et al., 2013; Kanemaru et al., 2013 human astrocytoma cells and in primary mouse striatal and cultured cortical astrocytes were suggested to depend on TRPCs (Akita & Okada, 2011; Grimaldi et al., 2003; Miyano et al., 2010; Nakao et al., 2008; Shirakawa et al., 2010; Streifel et al., 2014; Streifel et al., 2013) which presumably are involved in Na 1 and Ca 21 influx including store-operated Ca 21 entry in these cells (Golovina, 2005; Pizzo, Burgo, Pozzan, & Fasolato, 2001; Reyes et al., 2013) . Using the appropriate Trpc-deficient mice as controls we could show that neither TRPC3 nor TRPC1 significantly contribute to Ca 21 entry after store-depletion in cultured cortical astrocytes (Figure 2 ). Quantification of intensity of GFAP protein stain normalized to the corresponding a-tubulin intensity from background subtracted blots (i, data represent means 6 SEM of 12 lanes from lysates from brain slices of 6 wild-type and 6 Trpc3 -/-animals). Significant differences of
Trpc3
-/-and Trpc1 -/-compared to the corresponding wild-types are marked with asterisks (*p < 0.05, ** p < 0.01, *** p < 0.001) [Color figure can be viewed at wileyonlinelibrary.com]
The sparse data on TRPC3 function in astrocytes (see above) essentially rely on the use of the compound Pyrazolium 3 (Pyr3), which was first published as a specific TRPC3 antagonist (Kiyonaka et al., 2009 ). Munakata et al. (2013) showed that Pyr3 significantly reduced astrogliosis and brain edema in a mouse model of intracerebral hemorrhage and they concluded that this effect was mediated by blocking TRPC3 function. Meanwhile, it has been shown that Pyr3 inhibits store-operated Orai1 channels with a similar potency as TRPC3 (Schleifer et al., 2012) . Considering the expression levels of orai1, stim1, and stim2 in astrocytes (Supporting Information Figure 2) the effects of Pyr3 on astrogliosis upon intracerebral hemorrhage might have been mediated by Orai/STIM channels.
Whereas Peters et al. (Peters et al., 2012) observed no significant change in the spontaneous recovery after closed head injury in Trpc1-or Trpc3-deficient mice compared with wild-type mice, Shirakawa et al. (Shirakawa et al., 2010 ) described a contribution of TRPC3 to pathological activation of astrocytes after intracortical injection of thrombin, and Nakao et al. (Nakao et al., 2008) TRPC1 and TRPC3 may form heterotetrameric TRPC1/TRPC3 channels (Cheung et al., 2011; Lintschinger et al., 2000; Liu, Bandyopadhyay, Singh, Groschner, & Ambudkar, 2005; Schaefer, 2005; Storch, Forst, Philipp, Gudermann, & Mederos y Schnitzler, 2012; Wang, Wang, & Li, 2016; Woo, Lee, Huang, Cho, & Lee, 2014; Wu, Zagranichnaya, Gurda, Eves, & Villereal, 2004) . Heterotetrameric TRPC1/TRPC4
and TRPC1/TRPC5 channels reveal altered current-voltage relations and cation selectivity compared to homomeric TRPC4 and TRPC5 channels (Storch et al., 2012; Strubing, Krapivinsky, Krapivinsky, & Clapham, 2001 ), but although TRPC1/TRPC3 currents had reduced current amplitudes compared to TRPC3 currents their current-voltage relations and cation selectivity were apparently not different (Figure 4 ).
So far, we did not address the mechanism of TRPC1-dependent inhibition of TRPC3 in astrocytes, but TRPC1 might be an inhibitory ion conducting subunit of heterotetrameric TRPC1/TRPC3 channels, act as an auxiliary inhibitory and non-conducting beta subunit for TRPC3 channels or inhibit the plasma membrane targeting of TRPC3. TRPC1 does significantly mitigate constitutive mwk-induced Ca 21 entry; apparently it does not discriminate between wild-type TRPC3 and its gain-offunction moonwalker mutation.
Our observation that lack of Trpc3 reduced astrocyte proliferation and migration, whereas the TRPC3 moonwalker mutant and the lack of Trpc1 increased migration are compatible with TRPC3 activity promoting proliferation and migration of cortical astrocytes. Table 2 lists several genes which are involved in proliferation and migration in diverse other cell types and which are significantly downregulated in Astrocytes in culture mostly reveal a prominent expression of GFAP (see e.g. Supplement Figure 1a ), whereas astrocytes in the intact brain usually exhibit low GFAP expression (see e.g. Figure 7a -noninjured hemispheres). Thus, astrocytes in vitro seem to be in a more reactive state compared to astrocytes in vivo, i.e. conditions in vitro and in vivo might be different. In addition, properties and functions of astrocytes in different brain areas and at different ages are also versatile.
However, our data on cultured cells isolated from the cortex of newborn mice and the stab wound data on adult mice both suggest significant functions of TRPC3 and TRPC1 in the cortical astrocytes.
In summary, TRPC3-induced Ca 21 entry promotes astrocyte proliferation and migration i.e. astrocyte activity in vitro which is attenuated by the presence of TRPC1. Following brain injury, the absence of TRPC3 results in a significant reduction of astrogliosis and cortical edema in vivo, suggesting that a targeted therapy to reduce TRPC3 channel activity, for example by increasing formation of heteromeric TRPC3/TRPC1 channels, might be beneficial in traumatic brain injury. (Bhattaram et al., 2010) Calculated from the means of microarray analysis from three independent cultures each.
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